INTRODUCTION
============

Telomeres are nucleoprotein complexes at the end of linear chromosomes that are essential to prevent improper activation of the DNA damage response. They are also important for protecting chromosomes from nuclease attacks, chromosomal non-homologous end-joining and loss of information during cell division. In vertebrates, telomeric DNA consist of tandem repeats of the hexanucleotide d(TTAGGG)~n~. Structural investigations have shown that these sequences form G-quadruplexes with various folding topologies under *in vitro* conditions. G-quadruplex folding topology has been demonstrated to depend on the sequence flanking the core residues, on ions and on the presence of small molecular weight compounds such as polyethylene glycol 200 (PEG). So far, experiments have demonstrated that telomere sequences can adopt four different structures in dilute solution including two hybrid parallel--antiparallel (3+1), one 2- and one 3-tetrad antiparallel folds ([Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}) ([@B1],[@B2]). In addition, studies simulating molecular crowding (MC) using either 40% PEG or 50% ethanol solutions showed that conformational polymorphism exhibited by telomeric DNA in dilute solutions is notably diminished and that telomeric repeats adopt the parallel stranded conformation in the presence of MC ([@B3; @B4; @B5]). Based on these and crystallographic data, the parallel G-quadruplex has been suggested to be the biological relevant folding topology of telomeric DNA ([@B4; @B5; @B6; @B7; @B8]). However, recently it was reported that parallel G-quadruplex formation under MC conditions simulated with PEG 200 can rather be explained by the fact that molar concentrations of small molecular weight molecules such as 40% PEG 200 or 50% ethanol cause major dehydration of DNA and that the low hydration state is stabilizing a parallel G-quadruplex conformation ([@B9]). In contrast to these conditions, molecules in the interior of a cell are mainly surrounded by large biomolecules such as proteins and nucleic acids and not molar concentrations of small molecular weight molecules ([@B10]). Figure 1.Schematic structures of intramolecular G-quadruplexes formed by four-repeat human telomeric sequences. Loops are colored magenta; *anti* and *syn* guanines are colored grey and white, respectively. Table 1.Natural vertebrate telomeric repeat sequencesSequenceNameMain folding topologyTA(GGGTTA)~3~G~3~TA-corehybrid-1 type (3+1)[^a^](#TF1){ref-type="table-fn"}A(GGGTTA)~3~G~3~A-coreantiparallel[^a^](#TF1){ref-type="table-fn"}/parallel[^b^](#TF2){ref-type="table-fn"}A(GGGTTA)~3~G~3~TA-core-T2-tetrad antiparallel[^a^](#TF1){ref-type="table-fn"}(GGGTTA)~3~G~3~Tcore-T2-tetrad antiparallel[^a^](#TF1){ref-type="table-fn"}A(GGGTTA)~3~G~3~TTA-core-TThybrid-2 type (3+1)[^a^](#TF1){ref-type="table-fn"}TTA(GGGTTA)~3~G~3~TTTTA-core-TThybrid-2 type (3+1)[^a^](#TF1){ref-type="table-fn"}[^1][^2]

To determine which *in vitro* observed quadruplex topology exists in native-like MC environments, we employed NMR spectroscopy to investigate the conformation of different telomeric sequences capable of forming quadruplex structures in cellular extracts ([@B11; @B12; @B13]). In particular *Xenopus laevis* egg extract is a useful mimetic of the cellular environment and has been used in several NMR-based investigations ([@B11],[@B14]). Here, we show that the use of PEG leads to a systematic stabilization of a parallel topology of G-quadruplexes regardless of the sequence, while the same sequences adopt different conformations in *X. laevis* egg extract. In addition, we demonstrate that the stabilization of ligand-favored antiparallel G-quadruplexes by the small chemical ligand TMPyP4 is not influenced under volume exclusion conditions using Ficoll as a large biomolecular mimetic. These data will be important for the search for potential anti-cancer drugs that stabilize the telomeric ends of chromosomes ([@B15; @B16; @B17]).

MATERIALS AND METHODS
=====================

Sample preparation
------------------

The oligonucleotides d(TAG~3~(TTAG~3~)~3~), d(AG~3~(TTAG~3~)~3~TT), d(G~3~(TTAG~3~)~3~T), d(AG~3~TG~4~AG~3~TG~4~A) and d(TGAG~3~TG~3~TAG~3~TG~3~TAA) were purchased from Microsynth (Switzerland). Experiments were carried out with a buffer mimicking the intracellular salt environment \[25 mM HEPES (pH = 7.5), 10.5 mM NaCl, 110 mM KCl, 130 nM CaCl~2~, 1 mM MgCl~2~, 10% D~2~O, 1 mM DTT\] in the absence or presence of PEG 200 (Fluka) or Ficoll 70 (Sigma-Aldrich). CD and NMR samples were prepared by mixing of G-DNA constructs with egg extract or by mixing or annealing in intra-oocyte buffer supplemented with the indicated PEG 200 or Ficoll 70 concentration. The mixed samples were incubated for 2 h at 37°C prior to measurements.

*Xenopus laevis* egg extract preparation
----------------------------------------

Crude cytoplasmic extracts were prepared as described previously ([@B12]) with modifications. Briefly, *X. laevis* oocytes were obtained as described ([@B13]). Oocytes were transferred into a petri dish containing 1 µM Progesterone in Ori buffer \[5 mM HEPES (pH = 7.6), 110 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~\] following an incubation period of at least 12 h. Xenopus eggs were selected and transferred via a glass pipette into a new petri dish and extensively washed with Ori buffer. Subsequently, the petri dish was placed on ice and incubated for 20 min. Cooled eggs were transferred to a pre-cooled petri dish containing a buffer mimicking the salt environment of *X. laevis* oocytes and eggs ([@B13]). Finally, eggs were transferred into an eppendorf tube containing ice-cold intra-oocyte buffer supplemented with 20% instead of 10% D~2~O. Cells were packed by spinning for 1 min at 400*g* and the buffer above the eggs was cautiously removed. Subsequently cells were centrifuged for 5 min at 12 000*g*. On ice, a glass pipette was used to crush eggs to prepare a homogenized egg extract solution. Finally, homogenized eggs were centrifuged for 30 min at 12 000*g* to obtain the crude inter-phase extract.

CD spectroscopy
---------------

CD spectra were collected from 315 to 210 nm on a Jasco J-810 spectrometer using 1-nm bandwidth. The temperature was controlled using a digitized water bath integrated in the instrument. The molar ellipticity, \[θ\], was calculated from the equation: \[θ\] = 10^6 ^× \[θ\]~obs~ × C^−1 ^× l^−1^, where \[θ\]~obs~ is the ellipticity (mdeg); C is the oligonucleotide molar concentration and l is the optical path length of the cell (cm). Cells with 0.1 and 0.2 cm path lengths and oligonucleotide concentrations of 5 × 10^−5^ M were used. Scan rates of 50 nm min^−1^ were used to acquire the data. The spectra were signal-averaged over at least three scans, baseline corrected by subtracting a buffer spectrum and smoothed by the mean value averaging. Each prepared oligo sample, containing 5 × 10^−5^ M G-DNA, was further used for NMR measurements or supplemented with 100 µM TMPyP4 and incubated at 4°C for 12 h. Melting curves were recorded monitoring ellipticity at 290 nm from 4 to 100°C with a rate of 1°C/min. Ellipticity data points were further fitted (Origin^TM^) and normalized.

NMR spectroscopy
----------------

NMR experiments were performed using a Bruker Avance 700 spectrometer equipped with a cryogenic triple resonance probe at 18°C. The imino protons were observed using the 11-echo pulse sequence ([@B18]) with the excitation maximum adjusted to the center of the Hoogsteen imino region (ca. 11.8 ppm). Three millimeter NMR tubes were used for extract measurements with an active sample volume of 180 µl. Samples analyzed via CD were also used for *in vitro* NMR experiments. The egg extract NMR sample was prepared by mixing 162 µl extract preparation with 18 µl of a G-DNA stock solution leading to final G-DNA concentration of 100 µM. The prepared NMR samples were incubated for 2 h at 37°C prior to the measurements. The background signal from *X. laevis* egg extract was subtracted from spectra obtained with telomeric constructs.

Native PAGE
-----------

Native PAGE analysis was carried out at 4°C and 5 Vcm^−1^ on a 10% non-denaturing polyacrylamide gel in a buffer containing KCl (110 mM), potassium phosphate (50 mM) and Na~2~EDTA (1 mM), pH = 7.5. The loading buffer (8 µl, 40% glycerol) was mixed with the DNA samples (8 µl, 50 µM) that prior to mixing were heated to 95°C for 10 min and let slowly cool down to equilibrate. Gels were stained with Toluidine blue O (Sigma).

RESULTS
=======

MC effect on telomeric G-quadruplex formation
---------------------------------------------

In this study, we investigated the following sequences, which represent the currently known conformations observed in the presence of potassium in dilute solution: TAG~3~(TTAG~3~)~3~ (\[TA-core\]), AG~3~(TTAG~3~)~3~TT (\[A-core-TT\]) and G~3~(TTAG~3~)~3 ~T (\[core-T\]) ([Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

[Figure 2](#F2){ref-type="fig"}A--F shows CD spectra and 1D sections of NMR spectra of the imino region of all sequences in aqueous K^+^ solution in the absence and presence of 40% PEG. In the K^+^ solution, the CD and 1D ^1^H NMR spectra of the \[TA-core\], \[A-core-TT\] and \[core-T\] constructs display characteristic patterns for hybrid-1 and hybrid-2 parallel--antiparallel and 2-tetrad antiparallel G-quadruplex folding topologies, respectively, as shown previously for these sequences in dilute solutions ([@B19; @B20; @B21; @B22]) ([Figure 2](#F2){ref-type="fig"}A--C). A common feature of all CD spectra is the dominant positive peak at 290 nm which is a typical marker of an antiparallel strand orientation ([@B23]). The addition of 40% of PEG results in dramatic changes in both the NMR and CD spectra of all sequences ([Figure 2](#F2){ref-type="fig"}D--F). In the presence of PEG, the positive peak at 290 nm is notably diminished and the resulting CD spectra are dominated by a strong positive peak at 260 nm, which is a typical feature of a parallel G-quadruplex conformation ([@B5]). A single broad peak centered at 11.1 ppm dominates the NMR spectra of the PEG containing samples. In accordance with published NMR data ([@B24]) and our own reference CD and NMR data of the P19 construct taken from the nuclease-hypersensitivity element III~1~ from the *c-Myc* promoter sequence d(AG~3~TG~4~AG~3~TG~4~A) ([@B25],[@B26]) which is known to adopt a parallel topology ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)), this peak indicates the formation of highly symmetrical parallel G-quadruplexes. In addition to the broad peak at 11.1 ppm, the NMR spectra of \[TA-core\] and \[A-core-TT\] also display several small peaks between 11.5 and 12.4 ppm. Although CD and NMR spectra of all telomeric constructs showed in the presence of PEG typical features of parallel G-quadruplex formation, the lack of spectral resolution in the imino signal region of the NMR spectra was surprising. Other parallel G-quadruplexes were shown to provide well-resolved spectra, for example the extended c-Myc promoter sequence Pu22mut 14/23 d(TGAG~3~TG~3~TAG~3~TG~3~TAA) ([@B24; @B25; @B26; @B27]). Lack of spectral resolution and extensive line broadening could be the result of the formation of oligomers. To address this question, we used native PAGE, CD and NMR spectroscopy to compare the behavior of the c-Myc Pu19 and Pu22mut 14/23 constructs. The CD spectra of the Pu19 and Pu22mut 14/23 constructs in dilute conditions were virtually identical ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)) indicating the formation of a parallel folding topology. However, comparison of the NMR spectra revealed pronounced differences. While the NMR spectrum of Pu19 showed unresolved, broad imino resonances similar to those of the telomeric repeat constructs in the presence of PEG, the NMR spectrum for Pu22mut 14/23 displayed well resolved imino signals with narrow lines as observed previously ([@B27]). To explore whether the lack of resolution is the result of the formation of oligomers we performed native PAGE experiments. These PAGE data indicated that Pu19 migrates significantly slower than Pu22mut 14/23. Slower migration of the shorter Pu19 compared to Pu22mut 14/23 supports the idea of high-order structure formation of Pu19. Figure 2.CD spectra and imino regions of 1D ^1^H 11-echo NMR spectra for \[TA-core\], \[A-core-TT\] and \[core-T\] constructs in intra-oocyte buffer (**A--C**), and in intra-oocyte buffer supplemented with 40% PEG 200 (**D--F**) are shown, accompanied by schematic representations of the assumed G-quadruplex conformations. Loops are colored magenta; *anti* and *syn* guanines are colored grey and white, respectively. Figure 3.Overlays of CD spectra and imino regions of 1D ^1^H 11-echo NMR spectra for \[TA-core\], \[A-core-TT\] and \[core-T\] constructs in intra-oocyte buffer, and in intra-oocyte buffer supplemented with 40% Ficoll are shown, accompanied by schematic representations of the assumed G-quadruplex conformations (**A--C**). Loops are colored magenta; *anti* and *syn* guanines are colored grey and white, respectively.

To investigate if high-order structure formation can also explain the lack of spectral resolution in the NMR spectra of the telomeric repeat constructs in the presence of PEG, we compared the behavior of \[core-T\] and the *Tetrahymena* telomeric repeat construct d(G~4~T~4~G~4~T~4~G~4~T~4~G~4~) in the absence and presence of PEG using native PAGE. As demonstrated by Miyoshi *et al.* ([@B28]), the *Tetrahymena* telomeric repeat forms high-order structures in the presence of PEG. The addition of 40% PEG 200 resulted in slower migration of both the \[core-T\] and the *Tetrahymena* telomeric repeat constructs, indicating the formation of high-order structures ([@B28]).

As already mentioned, the NMR spectra of \[TA-core\] and \[A-core-TT\] also show several small and dispersed peaks between 11.5 and 12.4 ppm. These peaks can be attributed to minor populations of monomeric structures co-existing in equilibrium with high-order parallel structures as indicated by the native PAGE data ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)). The fact that the imino signals in the region between 11.5 to 12.4 ppm are missing in the NMR spectrum of the \[core-T\] construct in the presence of PEG suggests that the observed high-order structure formation might depend on the length of the sequences flanking the G-quadruplex core. This explanation is further supported by the effect of 40% PEG on the hybrid-type sequences TTA-\[core\]-TT and AAA-\[core\]-AA containing even longer flanking sequences ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)) as well as by recently published observations ([@B29]).

To analyze whether the observed high-order parallel G-quadruplex formation in the presence of PEG is due to a general MC effect or whether PEG acts via a different mechanism than MC, we simulated MC using Ficoll 70 as an alternative MC mimetic. Ficoll 70 is a neutral, highly branched, high-mass (∼74 kDa), hydrophilic polysaccharide that has been successfully used as an inert MC mimetic in several protein folding studies ([@B10],[@B30; @B31; @B32; @B33; @B34; @B35]).

As the intracellular concentration of proteins can reach up to 400 g/l ([@B33]), we used 40% Ficoll 70 in order to simulate the MC effect as expected inside living cells. Both CD and NMR spectra of \[TA-core\] in the presence of 40% Ficoll 70 were virtually identical to those recorded under dilute conditions ([Figure 3](#F3){ref-type="fig"}). These observations indicate that MC as simulated by Ficoll has no effect on folding topology of the \[TA-core\] construct. While NMR spectra for the \[A-core-TT\] construct in the absence and presence of 40% Ficoll were very similar as well, the corresponding CD spectra showed minor differences in molar ellipticity at 290 and 260 nm, suggesting a small shift toward a parallel topology ([Figure 3](#F3){ref-type="fig"}). However, this shift was rather small as indicated by the very similar patterns of the corresponding NMR spectra. In contrast, the CD and NMR spectra of \[core-T\] in the presence of 40% Ficoll were characterized by an increased positive band at 260 nm and a newly appearing broad peak at 11.1 ppm, respectively, suggesting that in the presence of 40% Ficoll the \[core-T\] construct exists as a mixture of a 2-tetrad antiparallel and a high-order parallel G-quadruplex conformation ([Figure 3](#F3){ref-type="fig"}, [Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)).

Considering differences in molecular mass between PEG 200 and Ficoll 70, it is important to note that a 40% w/v of Ficoll 70 solution shows a 1.7 times larger volume exclusion than a 40% v/v PEG 200 solution. To assess the effect of PEG and Ficoll on folding of the telomeric repeats at equivalent volume fractions of these co-solutes ([@B36]), we performed CD and NMR experiments for all the telomeric constructs at various concentrations of PEG and Ficoll ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)). 40% PEG 200 is expected to have similar volume exclusion as 23% Ficoll 70. As demonstrated in [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1), the addition of 23% Ficoll had almost no impact on the appearance of both CD and NMR spectra compared to the dilute solution condition for all three telomeric constructs.

MC effect on telomeric G-quadruplex stabilization by TMPyP4
-----------------------------------------------------------

Differences between effects of the two MC mimetics, 40% Ficoll 70 and 40% PEG 200, on G-quadruplex folding topology are further demonstrated by differences in the interaction and stabilization properties of individual telomeric constructs with the G-quadruplex binding ligand TMPyP4. For all telomeric sequences in dilute solution and in the presence of Ficoll TMPyP4 stabilized the antiparallel folding topology ([Figure 4](#F4){ref-type="fig"}D--F, black and green lines). As shown in [Figure 4](#F4){ref-type="fig"}A--C, the addition of PEG leads to a shift of the equilibrium toward a parallel topology for all three sequences. Interestingly, the presence of TMPyP4 significantly suppressed the shift toward a parallel conformation for \[A-core-TT\] and \[core-T\] ([Figure 4](#F4){ref-type="fig"}E--F, red lines) while this effect was less pronounced for \[TA-core\] ([Figure 4](#F4){ref-type="fig"}D, red line). In addition, virtually identical melting temperatures (measured at 290 nm, thus focusing on the antiparallel conformation) were observed for all telomeric constructs in the presence of TMPyP4 when comparing samples in dilute solution with samples in the presence of Ficoll ([Figure 4](#F4){ref-type="fig"}G--I, black and green lines). In contrast, in the presence of PEG and TMPyP4 all telomeric sequences showed a notably reduced melting temperature ([Figure 4](#F4){ref-type="fig"}G--I, red lines). These data again demonstrate that structure and reactivity of G-quadruplexes under simulated MC conditions might be biased by the choice of MC mimetic. At the same time, the data suggest that the previously reported observation of a reduced stabilization of G-quadruplexes by the small chemical ligand TMPyP4 in the presence of PEG ([@B37]) is not necessarily due to MC but rather a specific effect of the PEG containing environment leading to distinct G-quadruplex stability ([@B9]). Figure 4.Overlays of CD spectra of 50 µM \[TA-core\], \[A-core-TT\] and \[core-T\] constructs in intra-oocyte buffer (**A--C** black lines), supplemented with either 40% PEG 200 (**A--C** red lines) or 40% Ficoll 70 (**A--C** green lines) and after the addition of 100 µM TMPyP4 and 12 h sample incubation at 4°C (**D--F**). Corresponding melting profiles were recorded by measuring the ellipticity at 290 nm, monitoring the stability of antiparallel G-quadruplex conformations of \[TA-core\], \[A-core-TT\] and \[core-T\] in the presence of TMPyP4 (**G--I**).

Native-like MC effect on telomeric G-quadruplex formation
---------------------------------------------------------

To investigate whether the observed structural changes in the telomeric sequences due to PEG and/or Ficoll are physiologically relevant, we investigated the \[TA-core\], \[A-core-TT\] and \[core-T\] constructs *ex vivo* in *X. laevis* egg extract. Due to the fact that the telomeric constructs can only be mixed and not annealed in *X. laevis* egg extract, various mixing conditions of telomeric constructs were tested in the presence of 40% PEG. All constructs incubated for 2 h at 37°C in the presence of 40% PEG provided virtually the same CD spectra as samples prepared under annealing conditions ([Figure 5](#F5){ref-type="fig"}). Therefore, the NMR measurements aiming to compare the effects of PEG and *X. laevis* egg extract on the G-quadruplex conformation were performed with samples that were prepared using this protocol. [Figure 6](#F6){ref-type="fig"} shows a comparison of the imino region of 1D ^1^H NMR spectra of the telomeric constructs in *X. laevis* egg extract and in a buffer (simulating the intracellular oocyte salt composition) supplemented with PEG 200. Although, the *ex vivo* NMR spectra were of lower resolution compared to samples in dilute solution due to inherent sample inhomogeneity and the high viscosity of the egg extract, we clearly recognized differences between the *X. laevis* egg extract and PEG-containing samples. While the NMR spectra in the presence of PEG are dominated by a single broad peak centered at 11.1 ppm, the spectra in the *X. laevis* egg extract show a significantly broader chemical shift dispersion ([Figure 6](#F6){ref-type="fig"}). The comparison with the NMR spectra of the PEG-containing samples clearly demonstrates that a parallel G-quadruplex conformation is not the dominant conformation observed in the *X. laevis* egg extract for any of the studied sequences ([Figure 6](#F6){ref-type="fig"}). These data show that telomeric repeats in the *X. laevis* egg extract prefer different conformations from those observed in buffers supplemented with PEG or ethanol ([@B3; @B4; @B5]) (parallel G-quadruplex). Figure 5.CD spectra of 5 × 10^−6^ M \[TA-core\], \[A-core-TT\] and \[core-T\] constructs mixed with 40% PEG at different temperatures and incubated for various periods of time. In studies employing synthetic polymers as MC mimetics, re-annealing of DNA constructs in the presence of MC agents is typically used to accelerate the MC promoted DNA refolding. However, re-annealing of DNA constructs in *X. laevis* egg extracts cannot be performed as it would lead to thermal denaturation of proteins that are dominant contributing factors to the native MC environment. Here, we show that the CD spectra of telomeric constructs incubated in the presence of PEG for 2 h at 37°C are essentially the same as those obtained for the telomeric constructs re-annealed in the presence of PEG (cf. [Figure 2](#F2){ref-type="fig"}D--F). To avoid any bias from differences in sample preparations, the telomeric repeat constructs were incubated in *X. laevis* egg extract and 40% PEG 200 for 2 h at 37°C prior to acquisition of NMR spectra (see [Figure 6](#F6){ref-type="fig"}). Figure 6.Overlays of imino regions of 1D ^1^H 11-echo NMR spectra of the telomeric constructs in *X. laevis* egg extract (**A--C** blue lines) and in intra-oocyte buffer supplemented with 40% PEG 200 (**A--C** black lines). In the presence of PEG, several small and dispersed peaks can be observed between 11.5 and 12.4 ppm in the NMR spectra of \[TA-core\] and \[A-core-TT\] constructs (A and B black lines). These peaks can be attributed to low-level populated alternative conformation(s) co-existing in equilibrium with the dominant parallel high-order structures based on the analysis native PAGE data ([Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkr174/DC1)).

DISCUSSION
==========

While the resolution of the NMR spectra is sufficient for revealing differences in the general topology of the same sequence either in *X. laevis* egg extract or in PEG containing samples, the resolution of 1D ^1^H NMR spectra is too low for a more detailed characterization. At this level of resolution, the NMR spectra of all three telomeric repeat constructs acquired in *X. laevis* egg extracts seem to combine features of spectra obtained in dilute solutions and those obtained in the presence of PEG ([Figure 6](#F6){ref-type="fig"}) suggesting that telomeric repeats might co-exist under native conditions as an equilibrium mixture of antiparallel, hybrid and parallel topologies. This explanation is further supported by the recent observation of co-existing hybrid and parallel G-quadruplexes in dilute solutions for G-rich stretches of the hTERT promoter ([@B24]). Our data show that while the high-order parallel G-quadruplex folding topology is dominant in a PEG containing environment, the equilibrium is dramatically shifted in favor of monomeric antiparallel and/or hybrid conformations in Ficoll or cellular extracts.

The presented comparison of the effects of PEG 200, Ficoll 70 and *X. laevis* egg extract on the conformation of G-quadruplexes and their stabilization by small chemical ligands highlights two main issues associated with the use of MC mimetics. First, the results depend on the choice of the particular MC mimetic and might therefore not be directly related to MC but could be based on for example dehydration effects ([@B9]). Second, the observed effects of MC mimetics might not necessarily resemble a physiologically relevant situation *in vivo*. The fact that true macromolecular crowding results from the addition of high molecular weight co-solutes such as proteins and nucleic acids that occupy and exclude volume inside cells ([@B10],[@B38]) suggests that currently established approaches to investigate the effect of MC on structure and binding ability of potential drugs, which are based on the use of small molecular weight MC mimetics such as PEG 200, should be generally reconsidered.

Recent findings that stabilization of G-quadruplexes can inhibit the activity of telomerase, an enzyme responsible for maintenance of telomeric DNA and being over-activated in ∼80--85% of cancer cells and primary tumors, have stimulated intense interest in exploring small molecular ligands having potential to stabilize G-quadruplexes as a new class of anticancer drugs. The suggestion that the parallel G-quadruplex topology is the biologically relevant fold of telomeric DNA, has encouraged studies aiming at identification and rational design of small ligands selectively targeting parallel G-quadruplexes. Our results reported here and recently published data ([@B9]) show that the parallel G-quadruplex topology, formed under low hydration-conditions such as in the presence of molar concentrations of PEG and ethanol or in the crystalline state might not be the physiologically prevalent conformation and implicates that rational design of small molecular ligands stabilizing G-quadruplexes should be redirected toward ligands selectively targeting antiparallel and hybrid type G-quadruplex folding topologies.

Since its introduction in 1974 ([@B39]), PEG has become the most frequently used MC mimetic for nucleic acids. Many recent studies reported a dramatic effect of MC as simulated by PEG on the structure of both DNA and RNA ([@B4],[@B8],[@B22],[@B38],[@B40; @B41; @B42; @B43]). PEG simulated MC was found to strongly modulate stability and promote formation of non-canonical motifs such as parallel duplexes, G-quadruplexes, i-motifs or H-DNA, for example ([@B5],[@B40],[@B44; @B45; @B46; @B47; @B48]). All these observations provide the impression that MC is a crucial modulator and determinant of nucleic acid structure *in vivo*. However, our data acquired in Ficoll and cellular extracts indicate that the observed structural effects in the presence of PEG might not necessarily relate to the physiological relevant situation and might be caused by other mechanisms than MC ([@B9]). Instead more detailed analysis of the conformation of G-quadruplexes using cellular extracts or investigations in living cells ([@B13],[@B49],[@B50]) will be necessary to study the influence of MC on nucleic acid structure.
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